MicroRNAs (miRNAs) regulate most cellular functions, acting by posttranscriptionally repressing numerous eukaryotic mRNAs. They lead to translational repression, deadenylation and degradation of their target mRNAs. Yet, the relative contributions of these effects are controversial and little is known about the sequence of events occurring during the miRNA-induced response. Using stable human cell lines expressing inducible reporters, we found that translational repression is the dominant effect of miRNAs on newly synthesized targets. This step is followed by mRNA deadenylation and decay, which is the dominant effect at steady state. Our findings have important implications for understanding the mechanism of silencing and reconcile seemingly contradictory data.
INTRODUCTION
MicroRNAs (miRNAs) are B21-nt-long regulatory RNAs operating in most eukaryotes. They function in the form of a ribonucleoprotein complex termed miRISC, of which the Argonaute (AGO) and GW182 proteins are the key constituents. Bound to AGO, miRNAs serve as guides bringing miRISC to target mRNAs by hybridizing, generally through imperfect base pairing, with their 3 0 -untranslated regions (3 0 UTRs) [1, 2] . GW182 proteins (named TNRC6 in vertebrates), acting downstream of AGOs, recruit the CCR4-NOT deadenylation complex, resulting in the downregulation of mRNA function [3] [4] [5] . It is widely agreed that miRNAs induce the deadenylation and decay of target mRNAs. Yet, much evidence exists that miRNAs also induce translational repression independent of mRNA deadenylation and decay (reviewed in [2, 6] ). Although considerable progress has been made towards the elucidation of the mechanism of miRNA action, the relative contributions of mRNA decay and translational inhibition to miRNA-mediated silencing remain controversial. In particular, recent genome-wide studies using microarrays, proteomics and/or ribosome profiling have indicated for a majority of mRNA targets that mRNA decay accounts for most of the observed repression of protein output [7] [8] [9] [10] . Yet, in these studies, analyses were performed at steady state and, thus, could not assign a possible sequence of repressive events and may underestimate the contribution of translational repression. Indeed, it may be necessary to first inhibit translation of a target mRNA to allow its deadenylation and subsequent decay. Consistently, studies performed with cell extracts indicated that miRNA-induced translational repression of an artificial reporter may precede mRNA deadenylation [11] . Yet, it is not clear how far such a system, in which an in vitro transcribed RNA is added to a cell lysate, faithfully reproduces the steps leading to miRNA-mediated silencing. Two studies using transiently transfected mammalian cells showed that miRNAs induce rapid deadenylation of target mRNA reporters; but the contribution of translational inhibition to this process was not addressed [12, 13] . Moreover, miRNAmediated repression may be affected by the nuclear history of target mRNAs [14] , subcellular localization of the miRISC [15, 16] , or the choice of cell transfection technique [17] , suggesting that in vitro extracts and transiently transfected cells may not recapitulate all physiological effects of miRNAs.
In this study, we used stable HeLa cell lines expressing inducible miRNA-targeted reporters to monitor the contributions of translational repression and mRNA decay over time. We found that, at steady state, reporters fused to 3 0 -untranslated regions (3 0 UTRs) of endogenous miRNA targets may be repressed at both the translational and mRNA stability levels. We demonstrate that translational repression precedes mRNA decay and that initial steps of translational inhibition are not due to appreciable mRNA deadenylation.
RESULTS AND DISCUSSION Stable cell lines expressing inducible miRNA targets
To address the sequence of events occurring during miRNAmediated repression, we created stable HeLa cell lines in which expression of miRNA target reporters can be induced with doxycycline. The reporters, (i) a Renilla luciferase (RL) fused to 3 0 UTRs of validated human miRNA targets, representing a test mRNA, and (ii) a firefly luciferase (FL) used as a normalization control, were placed back-to-back under the control of the same tetracycline-responsive element ( Fig 1A) . We used the 3 0 UTRs of hmga2, a target of let7 miRNA containing six let7 binding sites [18] , and of reck, a target of miR21 containing a single miRNA-binding site [19] . Cell lines were generated expressing reporters bearing either wild-type (WT) 3 0 UTR sequences or mutated versions thereof (MUT) containing mutations in the miRNA-binding sites. For the RL-hmga2 reporters, two sets of cell lines were generated: in one, expression was driven by cauliflower mosaic virus (CMV) promoters and, in a second, by B100-fold weaker mouse mammary tumour virus promoters. The WT and MUT pairs of different cell lines were directly comparable as the transgenes were directionally integrated as single copies at As miR21 and miR590 share the same seed sequence, they were both targeted with specific anti-mirs (E). After 48 h transfection, cell lines were induced for 4 h before analysis. 0% indicates no effect on repression, 100%, no repression observed. Throughout this study, error bars represent 95% confidence intervals from at least three independent experiments done in duplicates. CMV, cauliflower mosaic virus; MMTV, mouse mammary tumour virus; 3 0 -UTR, 3 0 -untranslated region.
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the same locus using a recently published strategy [20] . Indeed, on induction, expression of the control FL reporter was virtually identical in independent cell lines ( Fig 1B; supplementary Fig S1 online). As expected, RL fused to WT 3 0 UTRs of miRNA targets showed a lower expression than mutants thereof ( Fig 1C; supplementary Fig S1 online). Consistent with the effect being mediated by endogenous miRNAs, repression was relieved on knockdown of the three human TNRC6 proteins, which are necessary for miRNA-mediated silencing [1, 2] (Fig 1D) , or on transfection of anti-miR oligonucleotides complementary to the targeting but not control miRNAs (Fig 1E) .
Dynamics of repression of RL-hmga2 reporters
Using the cell lines, we analysed the dynamics of let7-mediated repression of RL-hmga2. First, we defined the earliest time point at which appreciable levels of luciferase activity could be detected. Monitoring expression of the reporters every 30 min postinduction, we could reliably measure RL and FL activities starting from 60 min postinduction (Fig 2A) . This time point likely corresponded to early translation events following mRNA export, as it correlated with the appearance of reporter mRNA in the cytoplasmic fraction.
Next, expression of the reporters at both protein and cytoplasmic mRNA levels was analysed over 48 h, starting 1-h postinduction. RNA levels were analysed by reverse transcription quantitative PCR; linearity and accuracy of measurements were good enough to assess subtle changes (supplementary Fig S2  online ). Activity and mRNA levels (both normalized to respective FL values) of the RL-hmga2-WT reporters were calculated relative to those of the matching MUT reporters, which were set at each time point to 100% (Fig 2, accumulation of the RL reporters over time is shown in supplementary Fig S3 online) . This representation of the data makes it possible to directly assess at any given time point the contribution of mRNA decay to the observed repression at the protein level. Repression of the RL-hmga2 reporters, at both the protein and mRNA levels, increased over time (Fig 2B,C) . Interestingly, at early time points up to 2-h postinduction, mRNA levels for the WT RL-hmga2 reporters matched those of the MUT reporters. In contrast, RL protein outputs were already markedly lower for the WT reporters. This indicates that miRNA-mediated repression starts shortly after mRNA export and first acts at the translational level, without inducing mRNA decay. Later, starting at 3-h postinduction, a marked effect on mRNA levels was also observed (Fig 2B,C) , suggesting that miRNA-triggered mRNA decay occurs after translation has been inhibited. At these time points, protein levels were more repressed than mRNA levels, indicating that silencing of the reporters is due to a combination of translational inhibition and mRNA decay. Although at later time points the contribution of mRNA decay to the observed repression was higher for CMV-driven than mouse mammary tumour virusdriven transcripts, the effects were qualitatively similar and thus independent of the reporter expression level (Fig 2B,C) .
Dynamics of RL-reck reporter repression
Similar kinetic analysis was performed for the RL-reck reporter ( Fig 2D) . As for the hmga2 reporters, no significant effect on Kinetic analysis of miRNA-mediated repression J. Béthune et al scientific report
RL-reck mRNA levels was observed within the first 2 h, while the protein output of the WT reporter was already diminished. At later time points, the relative levels of RL protein and mRNA decreased in parallel, indicating that, for this 3 0 UTR, mRNA decay is fully responsible for the lower protein output at steady state. Altogether, we show that miRNA-mediated repression is readily detectable early postinduction, with translational repression being the dominant mechanism for newly synthesized mRNA targets within the first hours of their lifetime. Thereafter, mRNA decay begins and becomes the main effect at steady state, explaining fully (RL-reck reporter) or partially (RL-hmga2 reporters) the miRNAmediated repression we observe at equilibrium. Consequently, analyses of miRNA targets at steady state, 8-to 48-h posttransfection as performed in recent genome-wide studies [7] [8] [9] [10] , will underestimate the contribution of the translational component to the repression.
Translational inhibition precedes poly(A) tail shortening
MiRNA-induced repression of protein expression observed early postinduction, when mRNA levels are unaffected, may be explained by an effect on translation itself or, alternatively, by mRNA deadenylation, which may lead to decreased translation efficiency [21] . To distinguish the two possibilities, we analysed the length of the reporters poly(A) tails over time. To this end, we used a transcription pulse-chase approach to monitor a population of mRNAs undergoing largely synchronous expression and decay. HeLa cell lines expressing the CMV-RL-hmga2 reporters were induced for 1 h, transcription was then stopped by adding actinomycin D (ActD), and expression of reporters was analysed over a 3-h period. As shown in Fig 3A, whereas decreased protein expression from the WT reporter was observed already at the earliest time points, cytoplasmic mRNA levels of WT and MUT reporters were similar over the first 100 min following the pulse of transcription. Thereafter, the WT RL-hmga2 mRNA decayed more rapidly than its MUT version.
Poly(A) tail length of the WT and MUT reporters was qualitatively estimated using a polyG/I extension procedure followed by PCR analysis [4, 22] . PCR products indicative of poly(A) tail lengths were analysed with a high-resolution microfluidic chip (Fig 3B) . Poly(A) tail-length profiles for WT and MUT reporters were similar at 60-min postinduction, with two major peaks corresponding to A 85 and A 55 (most probably representing fully polyadenylated reporter and a deadenylation intermediate), indicating that initial repression of the WT reporter is not due to stimulated deadenylation. By contrast, at 180 min, the peak corresponding to A 85 was significantly decreased for the WT reporter, indicating accelerated deadenylation. To quantitatively estimate the amounts of fully polyadenylated RL-hmga2 reporters over time, cytoplasmic RNA purified from the cell lines was fractionated on an oligo(dT) matrix using a decreasing salt gradient (supplementary Fig S4 online) , following an established procedure [23] . No apparent difference in poly(A) tail-length distribution was observed between WT and MUT reporters at early times up to 80-min postinduction, when reporter mRNA levels were also unchanged (Fig 3C) . At later time points, the fraction of fully polyadenylated WT reporter gradually decreased, suggesting that deadenylation and ensuing mRNA decay potentiate the repressive effect of miRNA.
Analyses were also performed under deadenylation-impaired conditions, either by simultaneous knockdown of CNOT1 (protein responsible for the recruitment of the CCR4-NOT deadenylation complex by miRISC [3] [4] [5] ), and the deadenylases CNOT7 and CNOT8, or overexpression of dominant-negative mutants of PAN2 and CNOT7, which were shown to efficiently block miRNA-mediated deadenylation of reporters [12] . Neither of the treatments affected the initial B30% repression of the hmga2-WT reporter at 1-h postinduction. Strikingly, while repression increased over time in the control experiments, it stayed unchanged at the initial 30% level when deadenylation was impaired (Fig 4A,B) . Using the transcription pulse-chase approach, we confirmed that, on blockage of deadenylation, mRNA levels ( Fig 4C) and poly(A) tail length (Fig 4D) of the WT reporter did not decrease over time when compared to the MUT counterpart. This indicates that the knockdown efficiencies ( Fig 4E) and effects of the dominant-negative mutants were strong enough to efficiently impair deadenylation and thus suppress the mRNA decay component of the miRNA-mediated repression. Taken together, the data strongly indicate that the initial miRNAmediated translation inhibition precedes mRNA deadenylation and is independent of it.
A unifying model for miRNA-mediated repression While genome-wide studies proposed that miRNA-mediated repression mainly leads to mRNA decay at steady state [7] [8] [9] [10] , other reports describe situations in which it can be rapidly reversed in response to different cellular cues [24] [25] [26] . Reversible silencing may be of particular importance in cells such as neurons, where localized translation at dendritic spines responds to synaptic stimulation [27] ; and requires that target mRNAs are repressed translationally, without major mRNA decay as reported [24] [25] [26] . This apparent discrepancy may be explained by mechanistic differences between different cell types and/or miRNAs investigated, or by the presence of regulatory factors that modulate the miRNA effects in a target-specific way.
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contradictory observations on the outcome of miRNA-mediated silencing (Fig 4F) . We propose that the initial effect of miRNAs is inhibition of translation, most probably at the initiation step (reviewed in [2, 6] ), without mRNA decay (step 1). This is followed by increased mRNA deadenylation (step 2), possibly as a consequence of the initial translation inhibition that may render the poly(A) tail more accessible. Alternatively, deadenylation may happen independently of the initial translational block but at a slower rate. The stimulated deadenylation, catalysed by PAN2-PAN3 and CCR4-NOT complexes [12] that are directly recruited by the miRISC [3] [4] [5] , may potentiate the effect on translational inhibition and lead to decay of target mRNAs (step 3) through the recruitment of decapping machinery [12, 28] . This model, similar to another proposed recently [6] , involves three distinct and successive major steps, and thus implies the possibility of reversibility or stalling at the transition from one step to the next. In most cases, miRNA-mediated repression may proceed through the three steps and lead to mRNA decay. In examples when miRNA-silencing is reversible or no pronounced mRNA decay is observed, repression may be stalled at step 1 and relieved in response to an appropriate stimulus. Interestingly, it was found recently that the CCR4-NOT complex may be involved not only in the deadenylation but also in the translational inhibition of miRNA targets, as it represses poly(A)-free RNA reporters without concomitant decay [3, 4] . This complex might thus be a key player in regulating transition from step 1 (translation inhibition) to step 2 (deadenylation) of our model. In future, it will be important to identify signals in the mRNA 3 0 UTRs and factors that may regulate transition from one silencing stage to another, and thus control the final outcome of miRNA-mediated repression of different mRNAs.
During revision of our manuscript, two papers reported that also in zebrafish and Drosophila S2 cells, translational repression precedes mRNA deadenylation and decay [29, 30] .
METHODS
Cell culture and reporter assays. HeLa cell lines were generated and characterized as described in [20] . Cytoplasmic extracts were prepared, as in [12] , using cytoplasmic lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA and 0.5% NP-40). Luciferase activities and mRNA levels were determined by standard procedures using the Dual luciferase reporter assay system (Promega) and Transcriptor first-strand cDNA synthesis kit (Roche) followed by quantitative PCR. Procedures are detailed in the supplementary information online. Poly(A) tail-length measurement. Fractionation of mRNAs bearing poly(A) tails of different lengths was performed according to [23] and is detailed in the supplementary information online. RNA from all collected fractions was precipitated with 10 mg of yeast tRNA and 15 mg glycoblue (Ambion). Samples were analysed by reverse transcription quantitative PCR using random hexamers for the cDNA synthesis step. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
